We describe two situations in which the recognition of hapten can compensate for the lack of recognition of appropriate H-2 gene products in hapten-specific, H-2 restricted, T lymphocyte-mediated cytolysis. First, we show that although recognition of appropriate H-2 gene products is essential for the lysis of target cells bearing a low hapten density, significant hapten-specific lysis of H-2 inappropriate target cells is observed at high levels of target cell derivatization. Secondly, we show that hapten-conjugated anti-H-2 antibody inhibits cytolysis poorly even though its binding to target cell H-2 antigens is equivalent to that of underivatized antibody. These results suggest that hapten and H-2 are recognized independently and are therefore inconsistent with the altered-self model. Although our data do not exclude the dual-recognition model, we prefer to interpret them within the framework of a single-receptor model in which hapten and H-2 are recognized independently by receptors of identical idiotype on the T cell. We postulate that the affinity of these receptors for the relevant H-2 gene product is low enough so that the T cell is not activated by encounters with normal-self cells expressing that H-2 gene product. However, when self cells express in addition a foreign antigen that can also be recognized by the same receptor, then the force of T cell-target cell interaction may be increased sufficiently to activate T cell effector function.
Since the discovery by Zinkernagel and Doherty (1) that cytotoxic T lymphocytes (CTL) from virus-immune mice lysed only H-2 compatible virally infected target cells, it has become clear that CTL recognize many foreign antigens in the context of self major histocompatibility complex (MHC) gene products expressed on the surface of antigen-presenting cells (1) (2) (3) . CTL appear to be specific not only for foreign antigenic determinants but also for self MHC gene products because antigen presentation by cells bearing inappropriate MHC gene products generally fails to elicit a response. Similar MHC restrictions are observed for other functional classes of T cells (3, 4) , and thus MHC restriction is probably an important feature of the antigen recognition phase of T cell function. The dual specificity of T cells for foreign antigen and self MHC gene product suggests that determinants from each interact in some way with specific recognition structures on the T cell. The molecular nature of these interactions has been the subject of an intense debate that has focused on two basic models (1) (2) (3) . The dual-recognition theory states that a T cell possesses two distinct types of receptors, one for foreign antigen and another for MHC gene product. In the altered-self model, a single receptor recognizes a neoantigenic determinant created by the association of a foreign antigen with a MHC gene product on the surface of the antigen-presenting cell.
A critical difference between the two theories is that in the dual-recognition model foreign antigen and MHC gene product are recognized as independent entities, whereas in the altered-self model they are recognized as a single coimplex. We became interested in whether there were situations~in which the recognition of foreign antigen could substitute for the recognition of MHC gene product. Such a substitution would imply that foreign antigen and MHC gene product are recognized independently and would thus be inconsistent with the altered-self model.
To investigate the problem, we used the trinitrophenyl hapten (TNP)-specific CTL system of Shearer and SchmittVerhulst (2) . We describe here two situations in which the recognition of hapten can substitute for the recognition of MHC gene product in the lysis of hapten-conjugated target cells by hapten-specific, MHC-restricted CTL. The implications of these findings for the nature of antigen recognition by T cells are discussed.
MATERIALS AND METHODS Mice. Male mice of the following strains were obtained at 5-9 wk of age from The Jackson Laboratory: C57BL/6J (B6), C57BL/lOSn (B10), B1O.D2/nSn (BIO.D2), and C3HeB/FeJ (C3H). H-2 haplotypes are b, b, d, and k, respectively.
Generation of CTL. Hapten-specific CTL were generated by a 5-day culture of responding spleen cells with TNP-modified, syngeneic stimulating spleen cells as described (5) . TNP modification was accomplished by incubating cells with 10 mM 2,4,6-trinitrobenzenesulfonate (TNBS) in phosphate-buffered saline (Pi/NaCl), pH 7.4, for 10 min at 370C followed by washing three times. The CTL generated in this way are H-2 restricted and TNP-specific (1, 2, 5). Alloantigen-specific CTL were generated similarly by culturing responding cells with mitomycin C-treated (50 jg/ml, 30 min, 37°C), underivatized allogeneic stimulating cells.
Assay for T Lymphocyte-Mediated Cytolysis (LMC). In vio passaged P815 (H-2d) and EL4 (H-2b) tumor targets were labeled with 51Cr as described elsewhere (5) (Fig. 2B) Table 2 , B10.D2 anti-B10 IgG was used to inhibit lysis of EL4-TNP by TNP-immune B6 CTL. After the 4-hr assay, supernatants were tested for residual inhibitory activity. The dose of antibody required to cause 100% inhibition is the same as the dose at which free antibody appears in the fluid phase. In other experiments (data not shown) we found that the endpoint of antibody binding to target cells is reached during the 30-min preincubation period, and thus the presence of unreacted antibody in the fluid phase after the 4-hr assay indicates that all target cell H-2 antigen is blocked at doses of underivatized antibody that cause complete inhibition of LMC.
DISCUSSION
We describe two situations in which the recognition of hapten appears to substitute for the recognition of H-2 gene product in hapten-specific, H-2 restricted LMC. We first show that the preference of TNP-specific CTL for H-2 identical targets is pronounced at low levels of target cell derivatization but diminishes at higher levels of derivatization. The lysis of targets bearing a low hapten density depends critically upon recognition of the appropriate H-2 gene products. However, at higher levels of derivatization, there is significant TNP-specific lysis of target cells lacking the appropriate H-2 antigens. This finding is consistent with studies by others showing that heavily derivatized (10 mM TNBS) allogeneic target cells can be lysed by TNP-specific CTL of the H-2b haplotype (1, 2, 10). Our results indicate that the recognition of an increased number of hapten groups can compensate for the lack of recognition of appropriate H-2 gene products, suggesting that recognition of appropriate H-2 gene products is not an absolute requirement for lysis. This finding can be accommodated without serious difficulty by the dual-recognition model because separate recognition of hapten and H-2 could reasonably be assumed to generate compensatory effects, perhaps by the activation of relevant enzymes. On the other hand, we find it difficult to accommodate our results within the framework of the altered-self model because there is no reason to assume that the appropriate neoantigens would be generated on allogeneic targets at high levels of derivatization.
To provide further evidence that hapten and H-2 are recognized independently, we attempted to substitute recognition of hapten for recognition of H-2 in a more direct way by using TNP-conjugated anti-H-2 antibody. We found that this antibody inhibited TNP-specific LMC poorly compared to underivatized antibody, although it bound to H-2 antigens as well as underivatized antibody. This result suggests that the interaction of T cell receptors with hapten presented on bound anti-H-2 antibody can compensate for the loss of T cell receptor-H-2 gene product interactions and it therefore supports the notion that hapten and H-2 are recognized independently. The level of hapten conjugation to antibody required to produce this effect (6-10 TNP groups per IgG) is consistent with the notion that one or a few receptor-TNP interactions can replace a receptor-H-2 interaction.
The poor inhibition by TNP-antibody is not compatible with the altered-self model. (11), and alloimmune T cells appear to possess a single receptor species that is intimately involved in T cell activation (12) . In constructing a single-receptor model, we have taken into consideration our data that indicate that foreign antigen and H-2 gene product are recognized independently. This observation contradicts the altered-self model as discussed above. Therefore, the most reasonable single-receptor model that-can accommodate the independent recognition of foreign antigen and H-2 gene product is one in which an H-2 restricted CTL specific, let us say, for TNP-conjugated targets has receptors of a single idiotype; this receptor idiotype has reactivity both towards a particular self H-2 gene product and towards the TNP group. The affinities of this receptor for the relevant H-2 gene product and for the TNP group may differ. We propose that the affinities are both sufficiently low so that the interactions of multiple receptors on the TNP-specific CTL with appropriate H-2 gene products on an underivatized target or with an insufficient number of TNP groups on an H-2 incompatible target cannot activate the cytolytic mechanism. However, when the CTL encounters an H-2 appropriate target cell that also bears TNP groups, the net effect of receptor-H-2 gene product and receptor-TNP group interactions may be sufficient to trigger T cell activation. Similarly, heavily derivatized H-2 inappropriate targets may also trigger activation, as observed here.
We do not know the mechanism by which T cells bearing receptors with a low affinity for self H-2 gene products are produced. However, a rational basis for this mechanism can be constructed from Jerne's hypothesis for the generation of the T cell repertoire (13) . He suggested that during thymic differentiation T cell precursors with high-affinity receptors for a particular self MHC antigen are stimulated to proliferate. Progeny cells that develop mutant receptors whose affinity for the MHC antigen is below the threshold for activation are no longer driven to proliferate and are able to enter the functional T cell pool. We envisage that many of the cells generated in this way would possess receptors with a low residual affinity for the self MHC antigen. For example, in H-2b mice, this process would give rise to many different clones of CTL whose recep-2196 Immunology: Siliciano et al.
tors have a low affinity for H-2Kb or H-2Db. A certain subset of these clones may have receptors that also have some affinity for TNP, and it is from this subset that the H-2b restricted anti-TNP CTL response is generated. This response can be triggered only by target cells that express both H-2b gene products and TNP. The H-2 restriction of the response results from the significant but subthreshold contribution of receptor-H-2 interactions.
Our finding that receptor-TNP interactions appear to substitute for receptor-H-2 interactions is readily explained by-this model because the same receptor that recognizes H-2 can also recognize TNP. The model presented here enables the independent recognition of foreign antigen and MHC gene product to be understood within the framework of the single-receptor concept. This model together with Jerne's hypothesis for T cell ontogeny can explain why T cell responses are restricted to those MHC antigens present in the thymus, as Zinkernagel and Doherty have shown (1). Together they can also explain the operation of certain MHC-linked Ir genes. In Jerne's view, MHC antigens control immune responsiveness by determining which receptor structures will be altered during the thymic differentiation process that generates the T cell repertoire (13) . Responsiveness to a foreign antigenic determinant occurs when a MHC gene product present in the thymus permits the generation of T cell receptors capable of recognizing that determinant. From our model, it follows that the response will be restricted to the same MHC gene product by virtue of the residual affinity of the receptors for that MHC gene product. Such a fundamental link between responsiveness and restriction has been observed in a number of situations, such as the CTL response to vaccinia virus (1, 14, 15) . Although phenomena of this kind have been interpreted by using dual-recognition models (14, 15) , our single-receptor model provides a simple explanation of how a single MHC gene product present in the thymus can determine both the responsiveness to a foreign antigen and the MHC restriction of that response.
